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Abstract
Gene-to-gene coexpression analysis is a powerful approach to infer the function of uncharacterized
genes. Here, we report comprehensive identiﬁcation of coexpression gene modules of tomato (Solanum
lycopersicum) and experimental veriﬁcation of coordinated expression of module member genes. On
the basis of the gene-to-gene correlation coefﬁcient calculated from 67 microarray hybridization data
points, we performed a network-based analysis. This facilitated the identiﬁcation of 199 coexpression
modules. A gene ontology annotation search revealed that 75 out of the 199 modules are enriched
with genes associated with common functional categories. To verify the coexpression relationships
between module member genes, we focused on one module enriched with genes associated with the ﬂa-
vonoid biosynthetic pathway. A non-enzyme, non-transcription factor gene encoding a zinc ﬁnger protein
in this module was overexpressed in S. lycopersicum cultivar Micro-Tom, and expression levels of ﬂavonoid
pathway genes were investigated. Flavonoid pathway genes included in the module were up-regulated in
the plant overexpressing the zinc ﬁnger gene. This result demonstrates that coexpression modules, at
least the ones identiﬁed in this study, represent actual transcriptional coordination between genes, and
can facilitate the inference of tomato gene function.
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1. Introduction
To elucidate functional relationships between
genes, coexpression analysis has proven to be a
powerful approach. From a practical point of view,
coexpression analysis requires two technical bases.
The ﬁrst is transcriptome data. Several model organ-
isms, including Escherichia coli, yeast, and Arabidopsis,
have been regarded as excellent targets for coexpres-
sion analysis, since a large amount of microarray
data are publicly available. The second technical
basis is the development of analytical methods.
Generally, once coexpression measures between
genes (e.g. correlation coefﬁcients) have been
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include visualization of the coexpression relationships,
identiﬁcation of densely correlated gene groups, and
interpretation of biological relevance.
1 Among
several possible visualization methods, network rep-
resentation provides an efﬁcient way to depict
complex relationships between many genes. To ident-
ify densely correlated gene groups, several algorithms
have been developed based on connectivity of the
network.
2–4 For biologically relevant interpretation,
data from other types of ‘omics’ analyses (e.g. meta-
bolomics and interactomics) often help greatly. With
these analytical methods, coexpression analysis at
last allows the function of an unknown gene to be
inferred.
Excellent technical bases for coexpression analysis
have been established for the model plant Arabidopsis
thaliana. To accumulate transcriptome data, various
data repositories are now available, including
NASCArrays,
5 GEO,
6 SMD,
7 ArrayExpress,
8 and
AtGenExpress,
9–11 which collectively provide more
than 4753 microarray data points (3 September
2009). The results of coexpression analysis using this
huge data set were combined with comprehensive
gene annotations and data from metabolomics
analysis, and then functions of several unknown
genes associated with glucosinolate and ﬂavonoid
biosynthesis were elucidated.
12–14 In parallel with
the elucidation of function of individual genes, the
genome-wide coexpression proﬁle was also investi-
gated and the results are available in databases such
as ATTED-II,
15 GENEVESTIGATOR,
16 and BAR.
17
Recently, several attempts have been made for
large-scale gene expression analysis of tomato
(Solanum lycopersicum). For example, the gene
expression proﬁle during fruit development was inves-
tigated in detail using a tomato microarray.
18,19
Another example is the investigation of tissue-depen-
dent gene expression. In fruit peel, coordinated
expression of genes associated with metabolism of
cuticular components, metabolism of hormones,
and metabolism of cell wall components was
demonstrated by hierarchical clustering analysis.
20
Hierarchical clustering of gene expression patterns
also demonstrated that acquisition of the ﬂeshy fruit
trait depends on tight regulation of gene expression.
21
These studies suggest that large-scale coexpression
analysis can shed light on the molecular mechanisms
that control fruit development. However, these
studies focused on few speciﬁc biological processes,
and comprehensive identiﬁcation of groups of highly
correlated genes has not been reported.
In this study, we report on the comprehensive identi-
ﬁcationofgroupsofhighlycorrelatedgenes,orcoexpres-
sion modules, in tomato. We performed a gene-to-gene
coexpression analysis using a network-based approach.
Weevaluateddevelopmentalchangesingeneexpression
proﬁles in various tissues of tomato plants using an
Affymetrix GeneChip Tomato Genome Array. Using
gene expression data from 67 hybridizations, gene-to-
gene Pearson’s correlation coefﬁcients (PCCs) were esti-
mated, and then 199 coexpression modules associated
with various biological processes were identiﬁed based
on an analysis of network topology. Gene ontology
(GO) annotation analysis revealed enrichment of
genes belonging to common functional categories in
75 modules. We then experimentally veriﬁed the
coordinated expression of module member genes
using tomato plants overexpressing a non-enzymatic
module member gene that is a strong candidate for a
regulatory gene in ﬂavonoid biosynthesis. This result
demonstrates the facilitation by coexpression analysis
of the identiﬁcation of the function of uncharacterized
tomato genes.
2. Materials and methods
2.1. Plant materials
Miniature tomato, S. lycopersicum cultivar Micro-
Tom, was grown as described previously.
22 Roots
were harvested 5 weeks after germination. Hypocotyl
and cotyledon were harvested 3 weeks after germina-
tion. Third leaves were harvested 3 weeks after
germination. All leaves of tomato plants were harvested
3 and 5 weeks after germination. Fruits were harvested
at four developmental stages: mature green (MG,  30
days after anthesis), yellow (Y,  35 days after anthesis),
orange (O,  38–40 days after anthesis), and red
(R,  45–48 days after anthesis). S. lycopersicum culti-
var Momotaro 8
w (Takii & Co., Ltd, Kyoto, Japan) was
grown in a greenhouse under natural photoperiod
conditions from March to July 2006 in Chiba
Prefecture. S. lycopersicum line 27859 was grown
under ﬁeld conditions from March to July 2006 in
Gunma Prefecture. Monogenic mutant tomato,
Anthocyanin fruit (Aft, LA1996), was provided by the
C. M. Rick Tomato Genetic Resource Center
(University of California, Davis, CA, USA), and was
grown in a greenhouse under natural photoperiod
conditions from March to July 2006 in Chiba
Prefecture. Fruits of Momotaro 8
w, line 27859, and
Aft were harvested at MG and R stages. The peel and
the ﬂesh of fruits of Micro-Tom, Momotaro 8
w,l i n e
27 859, and Aft were separated using a razor blade.
Harvested tissues were immediately frozen in liquid
nitrogen and stored at 2808C.
2.2. Preparation of RNA
Total RNA was extracted from tissues by an
acid guanidinium thiocyanate-phenol-chloroform
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23 Sugars were removed by a sodium acetate-
precipitation method.
24
2.3. DNA microarray analysis
Target for hybridization experiments was prepared
using GeneChip One-Cycle Labeling and Control
Reagents (Affymetrix, URL: http://www.affymetrix.
com/) according to the manufacturer’s instructions.
GeneChip Tomato Genome Arrays (Affymetrix) were
used for hybridization. Hybridization, washing, and
staining were performed according to the manufac-
turer’s instructions. Scanned GeneChip images were
analysed using Microarray Suite version 5.0.1 software
(Affymetrix). Normalization and analysis of microar-
ray data were performed using GeneSpring GX 7.3
software (Agilent Technologies, URL: http://www.
home.agilent.com/). The data were normalized per
chip and per gene to the median value. CEL ﬁles of
these experiments are available in Gene Expression
Omnibus
6 (GEO) DataSets (http://www.ncbi.nlm.nih.
gov/gds) series record GSE19326.
2.4. Coexpression analysis and network analysis
Before performing coexpression analysis, the probes
used for the analysis were screened as follows. First,
probes for which ﬂags were ‘A’ (absent) in all of the
samples were excluded. Second, the coefﬁcient of var-
iance between biological replicates of a tissue was cal-
culated, and probes were selected if they showed a
coefﬁcient of variance ,1 in all of the samples. This
probe screening procedure left 7644 probes for the
following coexpression analysis. Normalized values of
the selected probes were used to estimate the pair-
wise PCC. The data set for the PCC was then analysed
using a network-based module-ﬁnding algorithm
described previously by Ogata et al.
4 This algorithm
generates coexpression modules from a given ‘seed’
gene in six steps.
4 In the ﬁrst step, a seed gene was
arbitrary chosen. In the second step, genes that
directly connect to the seed gene with PCC higher
than cutoff value (0.6) were selected, and referred
to as a highly correlated gene group. In the third
step, VB index was deﬁned as VB(i) ¼ e(i)/d(i), where
VB(i) is a VB value of ith gene in the group, e(i) the
number of edges between ith gene and other group
member genes, and d(i) the number of edges
between ith gene and all genes irrespective of group
membership. VB value was calculated for all group
member genes, and a gene that has the lowest VB
value was excluded from the group. In the fourth
step, from the highly correlated gene group, a sub-
group that had the highest NB value
4 was selected.
NB value is deﬁned as NB ¼ Se(i)/Sd(i), where deﬁ-
nitions of e(i) and d(i) are the same as above. In
short, NB represents a ratio of the number of edges
within the subgroup to the number of all edges
associated with subgroup members. The selected sub-
group was referred to as ‘the best kernel gene group’.
In the ﬁfth step, VB value was calculated for all non-
member genes. If a non-member gene had the ratio
higher than threshold value, that gene was incorpor-
ated into the group. Finally, the best kernel group
genes and genes incorporated in the ﬁfth step were
selected as members of a coexpression module. NB
values of coexpression modules were calculated
again, and coexpression modules with NB values
.0.5 were selected. Threshold values were as
follows: 0.6 for PCC, 0.333 for VB value, and 0.5 for
NB value. For GO annotation of tomato genes, simi-
larity search of the Affymetrix tomato consensus
sequences that were used to design GeneChip
probes (Tomato Consensus Sequences, downloaded
from http://www.affymetrix.com/products_services/
arrays/speciﬁc/tomato.affx#1_4) was performed
against Arabidopsis genes (TAIR8_cdna_20080412,
downloaded from the TAIR FTP site, http://www
.arabidopsis.org/download/index.jsp) using the
BLASTN algorithm. GO annotations of tomato genes
were retrieved from TAIR GO Annotation Search
(http://www.arabidopsis.org/tools/bulk/go/index.jsp)
according to the best match to Arabidopsis genes.
2.5. Transformation of tomato plant
Afull-lengthcDNA cloneofzincﬁngerprotein(clone
ID: LEFL2003DB10, GenBank accession number
AK326277) was provided by National Bio-Resource
Project Tomato
25 (http://tomato.nbrp.jp/indexEn
.html). Protein coding region of LEFL2003DB10 was
ampliﬁed by PCR using a gene-speciﬁc primer set
(50-GGGGGGATCCATGGCAGTTGAGGCAAGACATC and
50-GGGGGAGTCTTCAAGAAGACATGTTAACATGCAC).
PCR product was cloned in between BamHI and SacI
sitesofpBE2113-GUS.
26TransformationofS.lycopersi-
cum cv. Micro-Tom was performed essentially as
described by Sun et al.
27 with slight modiﬁcation.
Cotyledon and hypocotyl segments from 7-day-old
seedling were used as explants. Explants were dipped
in Agrobacterium tumefaciens (strain EHA105) suspen-
sion for 10 min and blotted dry on a sterilized paper
towel. The explants were then placed on co-cultivation
medium [MS salts, 3% (w/v) sucrose, 0.8% (w/v) agar,
1.75 mg/l zeatin, pH 5.8], and the platewas incubated
for 48 h in the dark at 258C. The explants were
then cultured and selected on a callus induction
plate containing MS salts, 3% (w/v) sucrose, 0.8%
(w/v) agar, 1.5 mg/l zeatin, 50 mg/l kanamycin,
125 mg/l carbenicillin, 50 mg/l Meropen (Dainippon
Sumitomo Pharma, Osaka, Japan) (pH 5.8). Every
2 weeks, calli were subcultured to a fresh callus
induction plate. Subculture was repeated three times
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decreased(1.5,1.0,andthen0.75 mg/l).Regenerated
shoots were then rooted on a rooting plate containing
half-strength MS salts, 3% (w/v) sucrose, 0.8% (w/v)
agar, 50 mg/l Meropen (pH 5.8). Rooted plants were
transferred to rock ﬁbre (Nittobo, Tokyo, Japan, URL:
http://www.nittobo.co.jp/english/index.htm), and
then to a mixture of vermiculite and Powersoil (mix
ratio 1:1, Kureha Chemical Ind., Tokyo, Japan, and
Kanto Hiryou Ind., Saitama, Japan).
2.6. Real-time RT–PCR
RT–PCR experiments were performed to conﬁrm
gene expression patterns observed in microarray
experiments. The total RNA samples used as tem-
plates in microarray analysis were reverse transcribed
using SuperScript III First-Strand Synthesis System
(Invitrogen Corp., URL: http://www.invitrogen.com/)
according to the manufacturer’s instructions.
Following reverse transcription, PCR was carried out
using rTaq DNA polymerase (Takara Bio Inc.,
URL; http://www.takara-bio.com/index.htm). Real-
time PCR reactions to conﬁrm gene expression
were carried out using a DyNAmoTM HS SYBR
w
Green qPCR Kit (New England Biolabs Inc., URL:
http://www.neb.com/nebecomm/default.asp) by a
DNA Engine Opticon 2 system (MJ Research Inc.,
Waltham, MA, USA). Primers used in this study are
shown in Supplementary data 1. Elongation factor
1a gene (GenBank accession number X14449) was
used as a control.
2.7. Transient expression of GFP-fusion protein
Transient expression vectors of the zinc ﬁnger
protein fused to GFP were produced as described in
Supplementary data 2. CaMV35S-sGFP(S65T)-nos30
vector
28 was used for transient expression of free
GFP. The vectors were introduced to the epidermis
of onion purchased from local market. Particle bom-
bardment was performed by using Helios Gene Gun
(Bio-Rad Laboratories, URL: http://www3.bio-rad.
com/) according to the manufacturer’s instruction.
Expression of GFP-fusion proteins was monitored by
using a confocal laser scanning microscope LSM700
(Carl Zeiss, URL: http://www.zeiss.com/). Image pro-
cessing was performed using the ZEN 2008 software
(Carl Zeiss).
3. Results and discussion
3.1. Identiﬁcation of coexpression modules
We obtained gene expression data for tomato from
67 hybridizations using RNA derived from roots,
hypocotyls, cotyledons, leaves, and fruits (Table 1,
Supplementary data 3). To estimate coexpression pro-
ﬁles, we ﬁrst calculated PCC values for all pair-wise
combinations of the 7644 quality-checked probes
(see Materials and methods). To ﬁnd coexpression
Table 1. Microarray data used for coexpression analysis
Tomato cultivar Tissue Developmental stage Biological replicates ID in Supplementary data 1
Micro-Tom Root 5 weeks after germination 3 MT_5Wroot
Hypocotyl 3 weeks after germination 2 MT_3Whypocoty
Cotyledon 3 weeks after germination 2 MT_3Wcotyledon
Leaf 3 weeks after germination 2 MT_3rdleaf
Leaf 3 weeks after germination 3 MT_3Wleaf
Leaf 5 weeks after germination 3 MT_5Wleaf
Fruit ﬂesh MG, 30 days after anthesis 3 MT_MG_ﬂesh
Fruit ﬂesh Y, 35 days after anthesis 2 MT_Y_ﬂesh
Fruit ﬂesh O, 38–40 days after anthesis 2 MT_O_ﬂesh
Fruit ﬂesh R, 45–48 days after anthesis 3 MT_R_ﬂesh
Fruit peel MG, 30 days after anthesis 3 MT_MG_peel
Fruit peel Y, 35 days after anthesis 2 MT_Y_peel
Fruit peel O, 38–40 days after anthesis 2 MT_O_peel
Fruit peel R, 45–48 days after anthesis 3 MT_R_peel
Aft (LA1996) Fruit ﬂesh MG, 40 days after anthesis 3 Aft_MG_ﬂesh
Fruit ﬂesh R, 50–55 days after anthesis 3 Aft_R_ﬂesh
Fruit peel MG, 40 days after anthesis 3 Aft_MG_peel
Fruit peel R, 50–55 days after anthesis 3 Aft_R_peel
Line27859 Fruit ﬂesh MG, 40 days after anthesis 3 Line27859_MG_ﬂesh
Fruit ﬂesh R, 50–55 days after anthesis 3 Line27859_R_ﬂesh
Fruit peel MG, 40 days after anthesis 3 Line27859_MG_peel
Fruit peel R, 50–55 days after anthesis 3 Line27859_R_peel
Momotaro8 Fruit ﬂesh R, 50–55 days after anthesis 4 MO_R_ﬂesh
Fruit peel R, 50–55 days after anthesis 4 MO_R_peel
MG, mature green; Y, yellow; O, orange; R, red.
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different PCC cutoff values. Network density became
minimal at a cutoff value of 0.91, suggesting that, at
a PCC cutoff value .0.91, a decreasing number of
nodes are more tightly connected (Fig. 1A). Indeed,
the numbers of nodes and edges decreased at PCC
cutoffs .0.91 (Fig. 1B and C). However, even at a
PCC cutoff of 0.95, the network was still complex,
containing  1000 nodes and 5000 edges (Fig. 1B
and C). Thus, we concluded that the use of a PCC
cutoff value alone will not efﬁciently ﬁnd coexpression
modules to an extent allowing the inference of
module functions.
Weattemptedtoidentifycoexpressionmodulesusing
an alternative module-ﬁnding algorithm developed by
Ogata et al.
4 This algorithm detects coexpression
modulesnotonlybyusingPCCcutoff,butalsobyevalu-
ating density and connectivity of networks. Each coex-
pression module was reconstituted from a given seed
gene. Genes directly connected to the seed gene were
ﬁrst selected using PCC cutoff value. From this set of
correlated genes, a subgroup that had the highest NB
value
4 (see Materials and methods) was selected, and
referred to as the kernel group. Next, VB value (for deﬁ-
nition,seeMaterialsandmethods)wascalculatedforall
genesnotbelongingtothekernelgroup.Ifthegenehad
VBvaluehigherthanthethreshold,thatgenewasincor-
poratedintothekernelgroup.Resultingsetofgeneswas
deﬁnedascoexpressionmodule.ModuleswithNBvalue
above threshold were selected for further analysis. As a
result, generated modules have dense connections
within the module and sparse connections to other
modules. When member genes overlapped between
multiple modules, non-redundant member genes
werebundledintoalargermodule.Ithasbeenreported
that this approach can detect coexpression modules
with better assignment to biological processes (e.g.
metabolic pathway) than other algorithms.
4 On the
basis of this approach, 199 coexpression modules were
identiﬁed (Supplementary data 4) using following
threshold values: PCC cutoff, 0.6; VB value, 0.333; and
NB value, 0.5. The number of member probes per
module ranged from 3 to 103, with a median value of
7memberprobespermodule(Fig.2A).Thedistribution
of the NB value
4 showed that more than 40% of the
modules have an NB value .0.8, indicating that the
modules have high intra-modularconnectivity(Fig. 2B).
Functions of the modules were inferred using GO
annotations. GO annotations to tomato probes were
provided according to their similarity to Arabidopsis
genes using a TAIR GO annotation search. First, we
investigated whether or not speciﬁc GO terms were
enriched in a given module compared with the GO
term distribution in all Affymetrix tomato microarray
probes. Enrichment of GO categories with signiﬁ-
cance at the 1% level was observed in 75 modules
(Table 2). Enriched GO categories included chloro-
plast, plastid, cytosol, ribosome, other enzymatic
activity, transferase activity, hydrolase activity, kinase
activity, structural molecule activity, protein meta-
bolism, and response to stress (Fig. 3). Ribosome-
related genes were expected to be coexpressed,
since ribosome is a protein complex. Coexpression
modules enriched with chloroplast-related genes
appear to be classiﬁed into several subgroups accord-
ing to the sub-plastidal localization (e.g. envelope,
thylakoid, and stroma) of proteins encoded by the
module member genes.
3.2. Coexpression modules containing transcription
factor genes
Coexpression analysis can facilitate prediction of
functions of regulatory proteins that do not have enzy-
matic, transporter, or structural molecule activities.
Modules containing transcription factor genes are of
particular interest, since these transcription factors
Figure 1. Global topology of the tomato coexpression network. (A)
Network density, (B) number of nodes, and (C) number of edges,
at varied PCC cutoff values. Inserts are magniﬁed curves within a
cutoff range from 0.85 to 1.0. Network density showed the
minimal value at PCC cutoff 0.91. Arrows in the inserts
indicate this cutoff value.
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modulemembergenes.Weidentiﬁed37modulescon-
taining transcription factors in the 199 modules. In 16
modules containing transcription factors, signiﬁcant
enrichment of certain GO categories was observed
(Table 2). For example, two transcription factor genes
are found in module 52 (Table 2, Supplementary
data 4). Genes corresponding to Les.3716.1.S1_at
(GenBank accession number AJ277944) and
Les.3517.2.S1_a_at (GenBank accession number
BT012879), respectively, encoding Myb-family and
TCP-family transcription factors, are tightly correlated
with seven protease inhibitor unigenes (SGN tomato
unigenes: SGN-U313509, SGN-U312622, SGN-
U312829, SGN-U312623, SGN-U312822, SGN-
U313508, and SGN-U312824) (Supplementary data
4).Thisimpliesthatthesetranscriptionfactorsregulate
expression of protease inhibitor genes. Another
example is module 3 (Table 2, Supplementary data
4). Gene corresponding to LesAffx.69411.1.S1_at
(GenBank accession number AW651000) encoding
bHLH-family transcription factor is correlated exclu-
sively with plastid-associated genes, implying that this
bHLH-family protein is associated with the regulation
of plastid function.
3.3. Regulatory protein that does not belong to
transcription factor family can regulate expression
of module member genes
Elucidationoftheroleoftranscriptionfactorsinregu-
lating expression of coexpressed genes has been well
Figure 2. Distribution of characteristic parameters of the identiﬁed
coexpression modules. Distribution of (A) number of member
probes per module and (B) NB value. NB value is deﬁned as a
ratio of a number of edges within the module and a total
number of edges between module members and all possible
nodes irrespective of membership in the module. Median
value of the number of member probes per module is 7. More
than 40% of the modules have NB values .0.8, indicating that
intra-modular connectivity is high in the coexpression modules.
Table 2. Coexpression modules in which transcription factor genes are present or GO annotations are enriched
ID NB Average
PCC
Num. of
member probes
Num. of
Arabidopsis genes
Num. of SGN
unigenes
Num. of
DFCI TCs
Num. of
transcription
factors
Enriched GO
categories
a
1 1.000 0.805 5 4 5 5 2
2 1.000 0.870 5 3 2 2 1
3 1.000 0.642 11 7 6 9 1 CC2, CC6
5 1.000 0.749 5 2 0 3 1
6 1.000 0.552 9 5 5 6 0 BP5, BP6
9 1.000 0.647 10 9 8 9 0 MF1, MF4
15 1.000 0.368 6 4 4 6 1
17 1.000 0.731 6 6 6 6 0 BP7
18 1.000 0.572 4 3 4 4 0 CC2
22 1.000 0.774 7 6 6 7 0 BP8
25 1.000 0.847 11 10 11 11 0 CC4, BP6
27 1.000 0.655 7 6 6 7 0 MF9
29 1.000 0.483 7 7 5 6 0 MF1
33 1.000 0.758 5 5 3 5 0 BP8
34 1.000 0.407 4 2 3 4 1
Continued
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ID NB Average
PCC
Num. of
member probes
Num. of
Arabidopsis genes
Num. of SGN
unigenes
Num. of
DFCI TCs
Num. of
transcription
factors
Enriched GO
categories
a
36 0.938 0.881 8 6 6 7 0 BP1
38 0.914 0.752 10 6 8 10 0 CC2
39 0.910 0.667 10 7 6 7 0 MF3
41 0.901 0.837 5 5 3 5 0 CC10, CC11
48 0.875 0.538 12 10 12 12 1
49 0.863 0.664 14 11 13 13 0 MF1, MF4, BP6
50 0.858 0.634 13 8 8 11 0 CC10, CC11, MF12,
BP4
52 0.858 0.842 12 4 10 11 2
53 0.858 0.609 9 8 8 8 3
55 0.858 0.780 7 6 6 7 0 CC10, CC11, MF12,
BP4
61 0.858 0.766 5 5 4 5 0 CC2
62 0.858 0.654 10 8 9 9 0 BP5, BP6
64 0.850 0.824 17 13 13 15 0 MF1, BP2
65 0.847 0.404 5 4 5 5 1
66 0.834 0.771 12 12 11 12 0 CC9, MF8
67 0.834 0.700 11 11 8 11 0 CC2, CC6
70 0.826 0.578 18 15 13 16 0 CC2, CC6
71 0.819 0.470 8 8 8 8 1 MF7
72 0.815 0.597 6 3 4 6 1
74 0.811 0.628 19 18 18 18 3 CC8
77 0.801 0.753 4 4 1 3 0 CC11
78 0.801 0.745 6 4 6 6 1
79 0.801 0.631 10 7 10 10 0 MF5
80 0.801 0.894 5 5 4 5 0 MF3
82 0.801 0.888 5 5 5 5 1
86 0.786 0.786 103 78 85 97 2 CC1, CC2, CC3, CC6,
MF1, MF4, MF9, BP2,
BP12
88 0.767 0.737 9 7 6 7 0 MF1
89 0.750 0.666 14 13 12 13 0 CC4, MF2, BP3
90 0.750 0.772 8 8 8 8 0 BP4
93 0.750 0.613 12 12 10 12 0 MF2, BP3
101 0.734 0.810 14 11 10 14 0 CC10, CC11, MF12,
BP4
102 0.734 0.825 12 11 12 12 0 CC2, CC6
103 0.733 0.677 11 8 7 10 0 MF7
104 0.728 0.564 7 5 3 7 0 MF1
105 0.728 0.845 8 5 8 8 1
108 0.719 0.652 8 8 6 8 1
109 0.711 0.633 100 69 80 94 14 CC4, CC8, MF1, MF11,
BP5, BP6, BP7
110 0.706 0.800 10 10 8 10 0 CC7, CC13, BP7
111 0.693 0.722 10 8 8 9 0 CC2, CC6
117 0.688 0.635 10 8 8 10 0 MF5
Continued
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ID NB Average
PCC
Num. of
member probes
Num. of
Arabidopsis genes
Num. of SGN
unigenes
Num. of
DFCI TCs
Num. of
transcription
factors
Enriched GO
categories
a
118 0.688 0.784 8 4 8 8 1
119 0.671 0.851 14 13 10 13 0 BP9
120 0.667 0.599 14 14 11 14 1 CC4, BP4
122 0.667 0.639 7 4 3 7 0 BP5, BP6
126 0.667 0.639 10 10 9 10 0 CC7, MF6
127 0.667 0.601 7 7 7 7 0 BP3
128 0.667 0.783 9 9 6 9 0 BP4
132 0.667 0.814 7 7 4 7 2
137 0.667 0.692 4 3 4 4 0 CC11
139 0.666 0.669 52 44 43 50 12 CC4, CC8, CC12,
MF10, MF11, BP5,
BP6, BP9, BP11
140 0.650 0.623 9 8 8 9 0 CC4
141 0.650 0.662 9 9 7 9 0 CC3, CC10, CC11,
MF10, MF12
142 0.643 0.819 8 7 8 8 1
144 0.635 0.787 16 14 15 16 2 CC4, MF7, BP7
145 0.632 0.722 13 13 13 13 1 CC4, MF7
147 0.632 0.893 3 3 3 3 1
148 0.625 0.662 5 5 4 5 0 MF3, MF6
149 0.622 0.864 13 10 10 13 0 CC1, MF5, BP4
151 0.617 0.734 34 22 27 34 0 CC7, MF5
152 0.609 0.860 18 14 16 18 0 CC9, BP7, BP10
154 0.600 0.893 3 2 2 2 0 MF6
155 0.600 0.623 7 7 6 7 1
163 0.596 0.778 14 12 9 14 0 CC4, CC5, BP8
165 0.589 0.788 9 9 8 9 1
166 0.587 0.838 16 11 12 14 0 CC10, CC11, MF12,
BP4
167 0.581 0.832 23 17 22 22 1 MF5, MF6
169 0.576 0.686 32 22 30 29 4 BP9
171 0.571 0.876 25 19 20 25 1 CC9, MF7, MF8, MF9
172 0.570 0.758 47 34 41 43 1 CC2, CC3, CC6, MF1,
BP10
174 0.563 0.898 8 8 7 8 0 CC10, CC11, MF12,
BP4
175 0.556 0.868 7 7 5 7 0 MF6
176 0.551 0.719 13 11 9 13 0 CC4, MF2, BP3
180 0.546 0.762 7 2 7 7 1
182 0.546 0.704 7 7 6 7 1 CC2
184 0.542 0.716 28 26 21 27 3 MF6, BP7
188 0.524 0.810 10 7 7 10 0 CC10, CC11
189 0.522 0.520 6 5 5 6 0 BP6
190 0.519 0.775 9 6 7 7 0 MF4
192 0.500 0.781 7 6 7 7 0 CC3
193 0.500 0.848 7 5 6 6 0 CC10, CC11, MF12,
BP4
Continued
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ID NB Average
PCC
Num. of
member probes
Num. of
Arabidopsis genes
Num. of SGN
unigenes
Num. of
DFCI TCs
Num. of
transcription
factors
Enriched GO
categories
a
197 0.500 0.785 4 4 4 4 0 CC10, CC11
199 0.500 0.792 9 8 8 9 1
aCC1, other intracellular components; CC2, chloroplast; CC3, other cytoplasmic components; CC4, unknown cellular com-
ponents; CC5, other membranes; CC6, plastid; CC7, plasma membrane; CC8, nucleus; CC9, mitochondria; CC10, cytosol;
CC11, ribosome; CC12, cell wall; CC13, ER; MF1, other enzyme activity; MF2, unknown molecular functions; MF3, transfer-
ase activity; MF4, other binding; MF5, hydrolase activity; MF6, kinase activity; MF7, protein binding; MF8, nucleotide
binding; MF9, transporter activity; MF10, DNA or RNA binding; MF11, transcription factor activity; MF12, structural mol-
ecule activity; BP1, other cellular processes; BP2, other metabolic processes; BP3, unknown biological processes; BP4,
protein metabolism; BP5, response to abiotic or biotic stimulus; BP6, response to stress; BP7, developmental processes;
BP8, transport; BP9, other biological processes; BP10, cell organization and biogenesis; BP11, transcription; BP12, electron
transport or energy pathways.
Figure 3. Distribution of GO category signiﬁcantly enriched within a coexpression module. Note that GO categories of ‘chloroplast’ and
‘plastid’ are frequently associated with the same genes. GO categories of ‘cytosol’, ‘ribosome’, ‘structural molecule activity’, and
‘protein metabolism’ are frequently associated with the same genes.
Table 3. Coexpression modules 64
Module ID Member probes SGN unigene DFCI TC Description
64 Les.3649.1.S1_at TC193015 Chalcone synthase 2
Les.3650.1.S1_at SGN-U316359 TC193390 Chalcone synthase 1
Les.5427.1.S1_at SGN-U317537 TC193461 Malonyl-CoA synthetase
LesAffx.61398.1.S1_at SGN-U320999 TC208694 Expressed protein
LesAffx.63776.1.S1_at SGN-U316228 TC195757 UDP-glucosyl transferase family protein
Les.2633.1.A1_at SGN-U316228 TC203484 UDP-glucosyl transferase family protein
LesAffx.68320.1.S1_at SGN-U319782 ES893432 Chalcone-ﬂavanone isomerase family protein
Les.1968.1.A1_at SGN-U319782 TC205850 Chalcone-ﬂavanone isomerase family protein
Les.3085.1.S1_at TC200116 Flavonol synthase
LesAffx.34276.2.A1_at TC198877 Cinnamoyl-CoA reductase
Les.2278.1.S1_at SGN-U312401 TC191763 Flavanone 3-hydroxylase
LesAffx.34276.1.S1_at TC198877 Cinnamoyl CoA reductase
LesAffx.30397.1.A1_at TC209623 Allyl alcohol dehydrogenase
LesAffx.34276.2.S1_at TC198877 Cinnamoyl-CoA reductase
Les.2294.2.A1_at SGN-U323178 TC211502 Expressed protein (zinc ﬁnger protein)
Les.5848.2.S1_at SGN-U321355 TC199613 4-coumarate–CoA ligase
LesAffx.5010.2.S1_at SGN-U316789 TC194689 Cytochrome b-561 family protein
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13 However, the role of regulatory protein
genes that are not classiﬁed as transcription factors in
the regulation of coexpressed genes remains unclear.
We tested whether a non-transcription factor-type
regulatory genecan control the coordinated expression
of genes in a given module. To exemplify this, we per-
formed an experimental analysis of module 64 (NB
value 0.850, average PCC value 0.822), in which ﬂavo-
noid biosynthesis genes are enriched (Table 3).
Expression proﬁles of member genes of this module
show that they are highly expressed in fruit peel
tissues, and are expressed at a lower level in leaf and
fruit ﬂesh tissues, an expression pattern that correlates
withthe localization oftomatoﬂavonoidcompounds
22
(Fig. 4A). We found that one of the non-enzymatic
genes, corresponding to Les.2294.2.A1_at (GenBank
accession number AK326277), encodes RING-ﬁnger
type zinc ﬁnger protein by protein domain search
Figure 4. Experimental veriﬁcation of the coexpression relationship between members of module 64. (A) Expression proﬁles of 15 member
genes (corresponding to 17 probes, see Supplementary data 2). 5W, ﬁve week; 3W, three week; MG, mature green; Y, yellow; O, orange; R,
red. (B) Sequence of a full-length cDNA corresponding to the probe Les.2294.2.A1_at (LEFL2003DB10, GenBank accession number
AK326277). Gray-shaded letters indicate a unigene sequence used to design Les.2294.2.A1_at. Boxed ATG indicates the start codon.
Underlined TGA indicates the stop codon. Dotted line indicates cDNA sequence corresponding to zinc ﬁnger domain. (C) Flavonoid
biosynthesis pathway (left) and coexpression network of module 64 (right, correlation coefﬁcient cutoff at 0.6). ZnF, zinc ﬁnger; PAL,
phenylalanine ammonia-lyase; C4H, cinnamate 4-hydroxylase; 4CL, 4-coumarate–CoA ligase; CCR, cinnamoyl-CoA reductase; CHS,
chalcone synthase; CHI, chalcone isomerase; F3H, ﬂavanone 3-hydroxylase; FLS, ﬂavonol synthase; GT, glycosyltransferase; F30H,
ﬂavonoid 30-hydroxylase; EP, expressed protein; Cyt B561, cytochrome b-561; AADH, allyl alcohol dehydrogenase; dKae,
dihydrokaempferol; dQue, dihydroquercetin; Kae, kaempferol; Que, quercetin. In the network graph, black edges indicate PCC  0.8,
and grey edges indicate PCC from 0.6 to 0.8. (D) Changes in expression levels of ﬂavonoid biosynthesis genes in module 64.
Expression level of each gene is indicated as a relative value to the level in control line. Black and grey bars indicate control lines and
ZnF-overexpression lines, respectively. Each of the four grey bars indicates independent ZnF-overexpression plant.
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29 (http://www.ebi.ac.uk/Tools/
InterProScan/), although description of the best match
Arabidopsis gene (At1g79110) and SGN unigene
(SGN-U323178) indicates ‘expressed protein’ (Fig. 4B,
Supplementary data 4). In a network graph of module
64, enzymatic genes of ﬂavonoid biosynthesis are
tightly interconnected. The zinc ﬁnger protein gene,
hereafter referred to as ZnF, has direct links to genes of
4-coumarate-CoA ligase, cinnamoyl-CoA reductase,
chalcone synthase 1, ﬂavanone 3-hydroxylase, ﬂavonol
synthase, glycosyltransferases, and malonyl-CoA
synthetase (Fig. 4C). To test whether this ZnF gene con-
trols expression of ﬂavonoid biosynthetic genes, we
overexpressed a full-length cDNA of this gene (clone
ID: LEFL2003DB10) in Micro-Tom. Gene expression
analysis was performed using leaf tissues, in which
expression of ﬂavonoid biosynthesis genes is low in
wild-type plants. Expression of genes of 4-coumarate-
CoA ligase, cinnamate 4-hydroxylase, cinnamoyl-CoA
reductase, chalcone synthase 1, chalcone synthase 2,
chalconeisomerase,ﬂavanone3-hydroxylase1,andﬂa-
vonol synthase was higher in ZnF-overexpressing leaves
than in control leaves, although PCC values between
ZnF and these up-regulated genes were not very high,
mainly because of high expression levels in one of the
transformant lines (Fig. 4D). On the other hand, the
expression of phenylalanine ammonia-lyase, which is
not a member of the module, did not change signiﬁ-
cantly. The expression of ﬂavonoid 30-hydroxylase
genes correlated negatively with overexpression of the
ZnF gene. These results demonstrated that the ZnF
gene positively regulates the expression of enzymatic
genes in the early part of the ﬂavonoid biosynthetic
pathway, which is consistent with the coexpression
relationship seen in module 64.
Analysis of intracellular localization demonstrated
that the localization of GFP-ZnF fusion protein was
the same as that of free GFP protein (Fig. 5). We
obtained the same result using ZnF–GFP fusion
protein (data not shown). This result suggests that
ZnF protein is localized to cytosol, and that ZnF
protein is not a canonical transcription factor protein.
The RING-ﬁnger type zinc ﬁnger domain is reportedly
involved in protein–protein interaction.
30 Thus, it can
be hypothesized that the ZnF gene positively regulates
the expression of ﬂavonoid biosynthetic genes
through interaction with other transcriptional regula-
tor proteins. This example demonstrates the potential
of coexpression analysis in inferring functions of
unknown regulatory genes that do not belong to tran-
scription factor families.
3.4. Potential of coexpression analysis in predicting
functions of uncharacterized genes
Recently,coexpressionanalysiswasusedtopredictthefunc-
tionofatransportergeneinvolvedinArabidopsisglucosinolate
biosynthesis.
31 The function of this transporter gene, BASS5,
was experimentally demonstrated using BASS5 knockout
Arabidopsis plants, in which the accumulation of methion-
ine-derived glucosinolates decreased. The results shown in
the present study, together with this previous transporter
study, suggest that the validity of gene-to-gene coexpression
analysisisnotlimitedtogenesinvolvedinproteincomplexfor-
mation or transcriptional regulation, but is also applicable to
inferring the function of various types of uncharacterized
genes. Experimental veriﬁcation of the functions of several
other candidate genes for regulatory protein is in progress.
Acknowledgements: CaMV35S-sGFP(S65T)-nos30
plasmid was kindly provided by Dr Yasuo Niwa
(University of Shizuoka). We thank Dr Hiroshi
Masumoto (Kazusa DNA Research Institute) for the
technical advice for confocal laser scanning
microscopy. We also thank Tomomi Ishizaki, Tsugumi
Isozaki, Miyuki Inde, and Tsurue Aoyama (Kazusa DNA
Research Institute) for plant care and lab assistance.
Supplementary data: Supplementary data are
available at www.dnaresearch.oxfordjournals.org.
Funding
This work was partly supported by the Research and
Development Program for New Bio-Industry
Initiatives, and by a grant from Kazusa DNA Research
Institute.
Figure 5. Intracellular localization of (A) GFP protein and (B) GFP-
ZnF fusion protein. N, nucleus. Scale bar, 50 mm. Localization
pattern of GFP-ZnF is the same as free GFP, suggesting that ZnF
protein is localized to cytosol.
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